Meeting (WANL-TME-1539).
Evaluation of these results led to the definition of a development program to:
1) devise a better laboratory corrosion test to evaluate fuel development and quality control of fuel production; and 2) improve fuel element performance. The first goal was met by a higher power-higher flow test which better simulated reactor corrosion. Aspects of the second part of the program are discussed in the following section. In summary, the deleterious effects of coating defects built in to the fuel materials system was minimized by altering the geometry of the defect and supporting the change with secondary protection. The production of fuel for the next reactor in the test series, NRX-A6, Includes these principles to improve fuel performance: NbC protective coatings deposited to produce narrow cracks and overcoated with Mo.
Parallel development efforts were undertaken to improve the graphite matrix of the fuel element and the fuel particles. The matrix studies are, for the most part, in the area of additives, varying process parameters, and impregnation, the object being to reduce the corrosion susceptibility and permeability of the body. Experimental elements incorporating these techniques are programmed for inclusion in the NRX-A6 test. The present fuel system for NERVA elements (UC^ coated with pyrolytic carbon) exhibits severe migration behavior at temperatures in excess of about 2400 C. It is desirable to extend the useful temperature range of the fuel for future reactors.
Theoretically, one of the most promising fuel systems Is the pseudobinary solidsolution carbide system UC-ZrC. At concentrations of UC <10 mole percent, the thermal stability has been established at between 2700 C and 2900 C. Metallographs of each material show a two-phase structure. Vendor 1 material appears to be more Inhomogeneous, and contains more voids thon Vendor 2 material.
The lattice spacing of the solid solution in each material was checked by X-ray o diffraction powder techniques. Each material showed a lattice spacing (a ) or 4.71A which corresponds to 6 mole percent UC. The powder pattern also shows a UC« line at a "d" spacing o ^ of 3.04A. Obviously, much of the uranium is in the form of UC^ and appears in the metal lographs to be located principally along grain boundaries in the beads.
The beads were included ata 20 volume percent level in a normal NERVA fuel body mix and extruded into 3/8 Inch pieces. The stock was then given the normal 250 C cure and 850 C baking cycles. Figure 2 -2 is a photomicrograph of the beads and matrix after an 850 C bake. As can be seen, the beads have fractured into multiple pieces and the graphite matrix has been fractured into more-or-less radial fractures radiating from beads. The cured matrix which contained Vendor 1 material, shows similar behavior. The cured matrix, which contained Vendor 2 material, did not fracture in the cured state.
The fractures in the beads are thought to be caused by the oxidation of UC«, which is presumably situated along grain boundaries. The resultant volume increase fractures the beads. Of course, since this occurs after the graphite matrix is physically stable, the matrix is fractured also.
Providing the previous analysis is correct, it seems obvious that the beads must be of single phase structure to be useful in elements.
2-3 Figures 2-3, 2-4, and 2-5 are photomicrographs of the heat-treated beads. The material seems to have been converted to the single-phase structure in every heat treatment. o X-ray analysis indicates that the solid solution has a lattice parameter of about 4.73 A, which corresponds to a structure containing about 13 percent UC. Apparently, zirconium has been lost in the heat treatment or the chemical analysis, which indicates ~11 mole percent UC is in error. No explanation for a loss of zirconium has been proposed. At any rate, the high uranium content can explain the presence of UC^ in the high-temperature heat treatments.
Apparently, the temperature has fluctuated high enough to form liquid in the high-uranium material. This material would partially precipitate out as UC«. The UC^ could be located around the surface of the larger-grained beads or could have migrated into small pockets by itself. In either case, little evidence of it would be found in the photomicrographs.
. ZT6 .. /^J^ Astronuclear \^ Laboratory Small quantities of the material from each heat-treatment were introduced into a normal NERVA matrix mix, the mix molded into 1/2-inch diameter by 1/2-inch long slugs, and the slugs subjected to curing and baking temperature conditions. Although the resultant carbon matrix was relatively porous, enough structure was present to determine matrix cracks had any been present. In fact, the fuel did not appear to be different from that shown in previous photomicrographs (Figures 2-3 , 2-4, and 2 -5), and no matrix disruptions were evident.
At this point, it seemed desirable to heat-treat enough material to include in an extruded carbon matrix for study at graphitization temperatures. About 500 grams of Vendor 2 material was heated to 2400 C for four hours. The resultant material was only slightly altered in particle shape. Metallography showed the expected single phase structure and X-ray analysis o indicated that no UC« was present. However, the lattice spacing (a ) of about 4.73 A indicated 12-15 mole percent UC. This concentration of UC can be a cause of a phenomenon which will be discussed later.
A NERVA matrix mix was prepared which contained about 20 volume percent of the heat-treated beads. This mix was extruded into 3/8-inch diameter rods. Subsequent curing, baking, and normal graphitization to 2200 C was carried out with some rods in vacuum and some in helium atmospheres. No disruption in the matrix or the beads could be detected with either atmosphere or at 250, 850, or 2200 C temperatures.
Small samples of the vacuum heat-treated stock were further heat treated to final temperatures of 2400, 2450, 2500, 2550, 2600, 2650, and 2700°C. In each case, the final temperatures were maintained for 1/2 hour except for the 2700 C. Some samples were held at 2700 C for 10 minutes and others held 1/2 hour. Photomicrographs of the matrix structure and of bead structure are shown in Figures 2-6 through 2-14.
Figures 2-6, 2-7, 2-8, and 2-9 are all essentially identical. The fuel is of single phase structure and the matrix is intact. The mixed carbide beads, as received, apparently contained some quantity of UC" dispersed around grain boundaries of the solid solution. The UC" can readily oxidize at relatively low temperatures to form a larger bulk volume than the original volume. The bead then becomes larger in volume and splits the carbon matrix.
Apparently, the mixed carbide fuel from Vendor 2 can be homogenized by heating it to a temperature of 2400 C with a short soaking period. The homogenized material, when included in a matrix, performed in a satisfactory manner (physically) when heated, until a temperature of about 2600 C was reached.
One would expect the homogenized material of the composition, shown analytically, (11 mole percent UC) to be stable to about 2700 C, However, an increase in UC composition to about 13 percent would result in a drop in stable temperature to about 2600 C. X-ray analysis indicates that, in fact, the material is of about this composition. One possible explanation for the discrepancyin the X-ray and analytical data, showing the quantity of UC in the material, is that the material may have been inhomogeneous in bead-to-bead chemistry.
No particular effort was made to completely blend the material before samples were token.
Therefore, the chemistry sample may not have been representative of the lot of material.
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• Samples were tested in compressive creep over the 1600 to 2700 C temperature range and 1000 to 4000 psi stress range. The total strains for a series of one hour creep tests, and the minimum creep rates observed in these tests are plotted against test temperature in It was also noted that the creep resistance varied with the melting temperature of the monocarbides, HfC having the highest and TiC the lowest.
The stress dependence of the minimum creep rate was also studied. The expression k E = A was found to represent all the monocarbldes studied, where A Is an experimental constant, E is the minimum compressive creep rate in a one hour test, <^ is the stress, and k Is an empirical constant approximately equal to 2.5 as shown in 
® Astronuclear Laboratory
CtJWnOfNTWH. Knoop hardness values for the carbides were determined at room temperature. These hardnesses, also listed in Table 3 -1 were found to be proportional to the yield points extrapolated to room temperature. A special set of specimens were prepared with varying carbon to metal C ratios (TT~) less than the maximum previously used. The room temperature hardness of these . . C . . . C samples varied with rr", decreasing with decreasing rr^in the group IV B monocarbldes and Me _ Me increasing with decreasing rr-in the group V B monocarbldes. High temperature creep deformation as a function of Ti-has not been studied. Me
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